The metabolism of glucose was examined in several clinical isolates of Neisseria gonorrhoeae. Radiorespirometric studies revealed that growing cells metabolized glucose by a combination on the Entner-Doudoroff and pentose phosphate pathways. A portion of the glyceraldehyde-3-phosphate formed via the Entner-Doudoroff pathway was recycled by conversion to glucose-6-phosphate. Subsequent catabolism of this glucose-6-phosphate by either the Entner-Doudoroff or pentose phosphate pathways yielded CO2 from the original C6 of glucose. Enzyme analyses confirmed the presence of all enzymes of the Entner-Doudoroff, pentose phosphate, and Embden-Meyerhof-Parnas pathways. There was always a high specific activity of glucose-6-phosphate dehydrogenase (EC 1.1.1.49) relative to that of 6-phosphogluconate dehydrogenase (EC 1.1.1.44). The glucose-6-phosphate dehydrogenase utilized either nicotinamide adenine dinucleotide phosphate or nicotinamide adenine dinucleotide as electron acceptor. Acetate was the only detectable nongaseous end product of glucose metabolism. Following the disappearance of glucose, acetate was metabolized by the tricarboxylic acid cycle as evidenced by the preferential oxidation of [1-14C ]acetate over that of [2-14C ]acetate. When an aerobically grown log-phase culture was subjected to anaerobic conditions, lactate and acetate were formed from glucose. Radiorespirometric studies showed that under these conditions, glucose was dissimilated entirely by the Entner-Doudoroff pathway. Further studies determined that this anaerobic dissimilation of glucose was not growth dependent.
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Neisseria gonorrhoeae is one of the most common human pathogens. Despite the long history and ubiquity of gonorrhea, relatively little is known about the physiology and metabolism of the causative organism.
Members of the genus Neisseria are unable to utilize many carbohydrates (5) . Only glucose, pyruvate, and lactate are utilized efficiently for the growth of N. gonorrhoeae in a peptone-containing medium (24) . Early studies by Barron and Miller (3) demonstrated that the gonococcus lacked endogenous respiration. Whereas resting cell suspensions of glucose-grown gonococci readily oxidized glucose and lactate, an induction period was required before pyruvate could be oxidized. They further showed that glyceric and alpha-hydroxybutyric acids were moderately oxidized. However, neither saturated fatty acids, amino acids, nor alcohols were oxidized by resting cell suspensions of glucosegrown cells. These investigators concluded that glucose was broken down in three stages: (i) the formation of lactic acid during glycolysis, ( the oxidation of lactic acid to pyruvic acid, and (iii) the oxidation of pyruvic acid to acetic acid and CO2. To the best of our knowledge there have been no further studies on the metabolism of glucose by N. gonorrhoeae.
Glucose is a key intermediate in the synthesis of many important cellular components as well as the only carbohydrate which can be fermented by N. gonorrhoeae. Therefore, we began a study of glucose metabolism, by growing cells of N. gonorrhoeae, and how it is affected by various environmental factors. This report discusses the primary pathways of glucose catabolism, end products of glucose catabolism, and the effects of anaerobiosis.
MATERIALS AND METHODS
Organisms. Clinical isolates of N. gonorrhoeae were used in these studies. Strains CS-7, 71H-411, 72H-870, and 72H-872 were isolated from the urethral exudate of males with gonococcal urethritis. A stable T-4 colony type (19) of strain CS-7 was selected on GC agar (Difco) plates following passage in the yolk sac and allantoic cavity of a chicken embryo. Strain JW-31 was isolated from a cervical culture of a symptomatic female. Strain 7134 was obtained from 702 VOL. 120, 1974 GLUCOSE METABOLISM M. S. Artenstein (Walter Reed Army Institute of Research). All strains were identified as N. gonorrhoeae on the basis of cell morphology in Gram stained smears, oxidase reaction, and the production of acid from glucose but not maltose and sucrose. Cultures were stored and maintained as previously described (24) .
Medium. The basal medium, unless otherwise indicated, contained the following per liter: proteose peptone no. 3 (Difco), 15 g; K,HPO4, 4 g; KH2PO4, 1 g; NaCl, 5 g; and soluble starch, 1 g. The final pH of the medium was 7.2. A growth factor supplement, identical in composition to IsoVitalex enrichment (BBL) but lacking glucose (1% vol/vol), NaHCO, (42 mg/liter), and an appropriate energy source (5 g/liter), was added after autoclaving.
Inocula and cultural conditions. Inocula were prepared from a liquid culture grown ovemight at 37 C in a Model G-76 gyratory water bath shaker (New Brunswick Scientific Co., N.J.). Cells were harvested by centrifugation and washed twice in a solution containing 0.85% NaCl and 0.1% cysteine hydrochloride at pH 6.5 (12) . The viability of these cells remained constant for up to (27) . Cultures were harvested during the exponential phase of growth (74 Klett units), centrifuged (27,000 x g for 10 min), and resuspended in fresh basal medium, but lacking glucose, to a final concentration of 0.8 to 0.9 mg (dry weight) per ml. Twenty-five milliliters of the cell suspension were added to each radiorespirometer vessel. These vessels were described previously (27) The quantitative accuracy of these experiments was evaluated by analysis of the percentage of recovery of the radioisotope in each radiorespirometer flask. Immediately after collection of the 180-min sample, the flasks were removed from the water bath and chilled in ice. The culture was poured into a centrifuge tube, and the flask was rinsed with 5 ml of cold distilled water, combined with the culture, and centrifuged (27,000 x g for 10 min). Two 0.1-ml volumes of supernatant were counted after the addition of 2 ml of absolute ethanol and 15 ml of scintillation fluid. The packed cells were resuspended to 6 ml with distilled water. Two 0.1-ml volumes of the cell suspension were counted after the addition of 2 ml of absolute ethanol and 15 ml of scintillation fluid. The percentage of recovery was calculated from the following equation: (total activity of 14C in cells plus activity of 14C in CO, plus total activity of '4C remaining in supeAiatant/total 14C added) x 100 = percentage of 14C recovery.
Cell fractionations. Cell constituents were fractionated chemically in screwcapped centrifuge tubes by a modification of the procedure described by Roberts et al. (33) . The protein-containing fraction, i.e., the hot trichloracetic acid-insoluble fraction, was digested with papain according to the procedure of Olsson and Gardell (29). The hot trichloroacetic acid-insoluble residue was resuspended in 5 ml of 0.05 M phosphate buffer (pH 7.5) containing 0.005 M disodium ethylenediaminetetraacetic acid, 0.0005 M cysteine hydrochloride, and papain (0.1 mg/ml). Following incubation for 2 h at 65 C, the material was centrifuged and the supernatant fluid designated the papain-soluble fraction; the remaining pellet was termed the residue fraction rich in cell wall constituents.
Determinations of end products. Nongaseous end products of glucose metabolism were determined by column chromatography on silicic acid with various concentrations of tertiary butanol in chloroform as solvents. The techniques used for the preparation and packing of the silicic acid and for preparation of solvents was essentially that of Ramsey (32) . Preparation of samples and elution procedure were those reported by Dobrogosz (8) . After fractionation, 1-ml samples were added to scintillation vials containing 1 MORSE, STEIN, AND HINES mg of tertiary butanol; after mixing, 15 ml of scintillation fluid were added.
Known samples of "4C-labeled ethanol, acetate, pyruvate, formate, lactate, and succinate were chromatographed to determine their elution position. In all cases a consistent elution profile was obtained.
Cell extracts. Cell extracts were prepared from cultures grown to maximal cell density in basal medium containing excess glucose (0.5%). The cells were harvested by centrifuging (16,000 x g for 10 min) in a refrigerated centrifuge, washed once, and resuspended in 0.4 M tris(hydroxymethyl)aminomethane(Tris)-hydrochloride buffer (pH 7.4) containing 0.005 M beta-mercaptoethanol. Following the addition of two drops of octanol to prevent foaming, the cell suspension was disrupted in cell homogenizer (Braun, model MSK). The resulting suspension was centrifuged at low speed (12,000 x g for 15 min) to remove the glass beads followed by high speed centrifugation (44,000 x g for 30 min) to remove the remaining particulate material. As an altemative procedure, cell suspensions were disrupted by passage through a French pressure cell. All extracts were centrifuged at 103,000 x g for 2 h (type 42 rotor, Spinco model L2-65B ultracentrifuge) prior to use. The 103,000 x g pellet was also saved.
Miscellaneous 6-phosphogluconate, 10 ;imol, was added as substrate.
Hexokinase activity was measured in a coupled reaction with excess glucose-6-phosphate dehydrogenase by following the rate of NADP reduction at 340 nm. The reaction mixture contained Tris-hydrochloride buffer (pH 7.4), 200 Mmol; MgCl2, 20 ;mol; ATP, 10 Mmol; NADP, 2 umol; glucose-6-phosphate dehydrogenase, 0.05 U; 1-glucose, 20 pmol; extract, 0.02 ml containing 0.21 mg of protein; and distilled water to a volume of 3.0 ml.
The activity of 2-keto-3-deoxy-6-phosphogluconate (KDPG) aldolase (6-phospho-2-keto-3-deoxy-Dgluconate D-glyceraldehyde-3-phosphate lyase, EC 4.1.2.14) was determined by coupling the formation of pyruvate from KDPG to lactic dehydrogenase (EC 1.1. The conversion of 6-phosphogluconate to pyruvate was determined by a modification of the method of Mortenson, Hamilton, and Wilson (25) . The reaction mixture contained Tris-hydrochloride buffer (pH 7.6), 100 Mmol; hydrazine-hydrochloride (pH 7.4), 560 pmol; sodium arsenate, 10 umol; 6-phosphogluconate, 50 gmol; extract, 0.5 ml containing 6.3 mg of protein; and water to a final volume of 10.0 ml. The reaction was started by the addition of extract, allowed to proceed for 15 min at 30 C, and then terminated by the addition of 1 ml of the reaction mixture to 1 ml of a 0.1% solution of 2,4-dinitrophenylhydrazine in 2 N HCI. The pyruvate was determined by a modification (18) of the method of Friedmann and Haugen (11) .
Phosphoglucose isomerase (D-glucose-6-phosphate ketol-isomerase, EC 5.3.1.9) was measured spectrophotometrically by the method of Noltmann (26) . Phosphofructokinase (ATP:D-fructose-6-phosphate 1-phosphotransferase, EC 2.7.1.11) was assayed in a coupled reaction with aldolase, triose phosphate isomerase, and a-glycerophosphate dehydrogenase according to the procedure of Ling et al. (21) All enzyme reactions were linear with time with the exception of transaldolase, transketolase, ribose-5-phosphate isomerase, and ribulose 5-phosphate-3-epimerase. These enzyme activities were extrapolated from the linear portion of the curves.
RESULTS
Pathways of aerobic glucose metabolism during growth of N. gonorrhoeae. Figure 1 shows the kinetics of the catabolism of specifically labeled glucose by growing cells of three strains of N. gonorrhoeae as determined by radiorespirometry. The were found to be sensitive to these concentrations of cyanide. Therefore, the specific activities of these enzymes were corrected by subtracting the NADH2 oxidase activity.
As further evidence of the ED and PP pathways, the presence of key enzymes was determined in cell extracts ( Table 2 ). The results indicated that glucose could be phosphorylated to glucose-6-phosphate (hexokinase) which in tum could be oxidized to 6-phosphogluconate (glucose-6-phosphate dehydrogenase). The formation of pyruvate from 6-phosphogluconate and the presence of 2-keto-3-deoxy-6-phosphogluconate aldolase support the presence of an active ED pathway. The value for pyruvate formation may be low since no inhibitor was present to prevent the further metabolism of pyruvate. The apparent lack of both particulate and soluble glucose dehydrogenase and the inability of N. gonorrhoeae to utilize gluconate as an energy source (data not shown) suggest that glucose was catabolized via 6-phosphogluconate rather than by gluconate.
Other enzymes of glucose catabolism were determined in extracts of strain CS-7 ( Table 2) . The presence of a nonoxidative PP pathway was indicated by the activities of transketolase, transaldolase, ribulose-5-phosphate-3-epimerase, and ribose phosphate isomerase. All enzymes of the Embden-Meyerhof-Parnas (EMP) pathway were present. However, the activities of phosphoglucose isomerase and phosphofructokinase were low. It was of interest to note that 92% of the pyruvate kinase activity was removed during centrifugation at 103,000 x g for 2 h. Therefore, this enzyme was assayed in the 44,000 x g supernatant.
There was always a high specific activity of glucose-6-phosphate dehydrogenase relative to that of 6-phosphogluconate dehydrogenase. The glucose-6-phosphate dehydrogenase could utilize either NADP or NAD as an electron acceptor and thus had properties similar to that described for the enzyme from N. meningitidis (15) , Leuconostoc (28, 31) , and Pseudomonas spp. (31) . The enzyme from all strains of N. gonorrhoeae examined gave a higher specific activity with 2.7 x 10-i M NADP as the electron acceptor than with 2.7 x 10-i M NAD (Table 3) . The presence of transhydrogenase activity and NADP in the extract may explain the apparent activity of glucose-6-phosphate dehydrogenase with NAD. However, the activity of transhydrogenase in this extract was not great enough to account for the high activity of glucose-6-phosphate dehydrogenase with NAD.
An examination of the effect of temperature on the NADP-and NAD-dependent activity of glucose-6-phosphate dehydrogenase (Table 4) showed that both activities were lost simultaneously as indicated by the ratio of specific activities. These data are suggestive of a single enzyme with multiple coenzyme specificity.
Nonequivalence in the metabolism of the triose units resulting from the cleavage of KDPG. In the ED pathway, the initial substrate, glucose, was split yielding pyruvate containing carbons 1, 2, and 3, and 3-phosphoglyceraldehyde containing carbons 4, 5, and 6. (Fig. 1) that the activity of C2 < C6 is evidence that the two products of KDPG cleavage were not metabolized in an equivalent manner. A portion of the 3 phosphoglyceraldehyde can be recycled by conversion to glucose-6-phosphate. Subsequent catabolism of this glucose-6-phosphate by either the PP or ED pathways will yield C02 from the original C6 of glucose (Fig. 2) . This recycling can explain the coincident peak of C6 activity which was observed in radiorespirometer experiments (Fig. 1) . The activities of the enzymes necessary for this conversion are shown in Table 2 .
Chemical fractionation of cells grown in the presence of specifically labeled [14C ]glucose (Table 5 ) support the data obtained by radiorespirometric and enzyme analyses. The higher incorporation of C4 and C6 into the hot trichlo- (Fig. 3) indicate that acetate was the only compound found in any significant concentration. An analysis of the labeling pattern of acetate would yield data to support the presence of a functional ED pathway. The results of such an analysis (Table 6 ) demonstrated that most of the acetate contained the C2 and 3 and C5 and 6 carbons of glucose. This labeling pattern coupled with the low incorporation of Cl and C4 into acetate is consistent with the operation of the ED pathway as the major route of glucose dissimilation in N. gonorrhoeae. The smaller amount of acetate produced containing carbons 5 and 6 support previous data suggesting that a portion of the glyceraldehyde-3-phosphate was recycled for nucleic acid biosynthesis.
Radiorespirometric analysis (Fig. 1) did not show coincident peaks of C2 and C3 activity, indicating that the acetate formed during glucose catabolism was not appreciably oxidized as long as glucose was present in the medium. However, this acetate could be utilized for biosynthetic purposes (Table 7) . Uniformly labeled [14Clacetate added during the exponential phase of a culture growing on glucose was incorporated primarily into the lipid-containing cell fraction. Smaller amounts were incorporated into the other cell fractions. Following glucose depletion, the acetate which accumulated in the medium was catabolized. Radiorespirometric data ( Fig. 4; Table 1 ) demonstrated that the Cl of acetate was oxidized at twice the rate of C2. This pattern is consistent with the operation of a tricarboxylic acid cycle. Of the [14C]acetate which entered the cell, 73% of the Cl-labeled and 44% of the C2-labeled compound was oxidized; the remainder was incorporated. Fractionation of these cells (Table 8) indicated that both Cl and C2 were incorporated in an identical manner; most of the label was found in the lipid-containing cell fraction. The failure to find significant incorporation into other cellular fractions may indicate that either there was no mechanism such as the glyoxylate bypass functioning to produce 4-carbon compounds needed for biosynthetic reactions, or that the necessary carbon skeletons were provided by other compounds in the medium.
Effect of anaerobiosis on glucose metabolism. We attempted to initiate growth of N. gonorrhoeae under anaerobic conditions by several methods: (i) sparging a liquid culture with 100% N2 or a mixture of 95% N2 and 5% CO2, (ii) incubation of GC agar plates in an anaerobic jar (BBL), and (iii) addition of pyruvate as an alternate electron acceptor. These methods were unsuccessful. Therefore, in an attempt to determine whether N. gonorrhoeae possessed a mechanism for the anaerobic dissimilation of glucose, cells were initially grown to a suitable cell density (50 to 55 Klett units) under aerobic conditions, centrifuged, resuspended in fresh medium, and then shifted to anaerobic conditions by continuous sparging with 02-free N2 gas. An analysis of the nongaseous end products of [14C0]glucose metabolism under these conditions (Fig. 5) revealed the presence of both acetate and lactate. Pyruvate, which can subsequently be reduced to lactate, may be derived from glucose by either the ED or EMP pathway. To ascertain which pathway(s) was operative, the anaerobic dissimilation of glucose was examined by radiorespirometry. The results (Table 9) showed that less glucose was converted to CO2 anaerobically than under aerobic [6-14C] glucose. Abbreviations: tpi, triose phosphate isomerase; fda, fructose-1,6-diphosphate aldolase; hdp, hexose diphosphatase; pgi, phosphoglucose isomerase; zwf, glucose-6-phosphate dehydrogenase; pgl, phosphogluconolactonase; gnd, 6-phosphogluconate dehydrogenase; edd, 6-phosphogluconate dehydrase; kda, 2-keto-3-deoxy-6-phosphogluconate aldolase.
conditions (Table 1 ). The nonequivalence of C3 and C4 demonstrated the absence of significant EMP pathway activity. Moreover, the equivalence of Cl and C4 suggested that glucose was dissimilated solely by the ED pathway. Under aerobic conditions, most of the radioactivity in the supernatant was due to acetate, whereas under anaerobic conditions, the radioactivity in tose-1,6-diphosphate aldolase ultimately yields two molecules of pyruvate whose carboxyl groups correspond to carbons three and four of the hexose diphosphate. Subsequent oxidation of this pyruvate to acetate results in the production of CO2 containing carbons three and four. (Fig. 1 ) and the equations developed by Wang (35) to calculate the relative pathway participation during glucose catabolism by growing cells of N. gonorrhoeae. The results (Table 10) indicate that the ED pathway was the major catabolic route (80 to 87% of the glucose) under growing conditions; the PP pathway was used to a lesser extent (13 to 20%). These data are similar to those obtained from resting cells of N. meningitidis (16) .
Pentose synthesis may occur via two routes in N. gonorrhoeae. Enzyme analyses have confirmed the presence of all enzymes in the nonoxidative PP pathway (Table 2) . However, the activity of many of these enzymes was low.
Radiorespirometric data suggested that a second pathway for pentose biosynthesis may also be operative. This pathway would utilize a portion of the glyceraldehyde-3-phosphate produced during the cleavage of KDPG by KDPG aldolase as follows: (5) Both pathways may be active simultaneously in N. gonorrhoeae, as the ratio of the specific activities of hexose diphosphatase to phosphofructokinase would enable glyceraldehyde-3-phosphate to be readily converted to fructose-6-phosphate.
The metabolism of glucose by N. gonorrhoeae occurred in two stages. First, glucose was dissimilated to acetate and CO2 during active growth of the culture. Second, the acetate was oxidized via the tricarboxylic acid cycle following the depletion of glucose in the medium. During the oxidation of acetate there was little, if any, increase in the growth yield. Although acetate could serve as a potential energy source under these conditions, the inability to synthesize essential cell wall precursors from acetate or other compounds in the medium may limit growth.
Bergey's Manual (5) states that the ability to grow anaerobically is a characteristic of N. gonorrhoeae. This statement was recently challenged by Williams and Wende (37) and by James-Holmquest et al. (13) who were unable to obtain growth of N. gonorrhoeae under anaerobic conditions in an anaerobic jar (Gas-Pak, BBL). We have extended these studies to include: (i) sparging of liquid cultures with 100% N2 or a mixture of 95% N2 and 5% CO2, and (ii) the addition of an alternate electron acceptor, pyruvate. Neither of these methods permitted the anaerobic growth of N. gonorrhoeae.
Romano et al. (34) observed that a phosphoenol pyruvate-dependent phosphotrans-VLUCOSE METABOLISM IN N. GONORRHOEAE ferase (PTS) was present in representatives of genera that are characteristically facultative anaerobes, but absent in members of those genera which are strictly aerobic. The inability to grow anaerobically may be related to the absence of a phosphoenyl pyruvate-dependent PTS in N. gonorrhoeae. However, other explanations such as the low activity of phosphofructokinase or an oxygen-dependent biosynthetic reaction (23) are also possible. The classification of N. gonorrhoeae is based in part on characteristic fermentation patterns (5, 10, 20) . The inability of N. gonorrhoeae to dissimilate glucose via the EMP pathway either aerobically or anaerobically suggest that the term fermentation reaction be changed. The change in the indicator in the medium used for these tests reflects the production of acetic acid, and possibly a small amount of lactic acid, during the dissimilation of glucose via strictly aerobic reactions. Thus, it is proper to consider these tests as the production of acid from glucose rather than the fermentation of glucose. Studies are presently in progress to determine the pathways of glucose catabolism in other species of Neisseria.
